Wnt signalling has an important role in breast cancer initiation and progression ([@bib29]; [@bib13]; [@bib2]; [@bib40]). Although there is no evidence for specific mutations, the accumulation of *β*-catenin, which mediates Wnt signalling-induced cancer progression ([@bib21]), suggests that this signalling pathway is aberrantly activated in breast cancer ([@bib6]). In addition, inhibitors of Wnt signalling, such as WIF-1, are aberrantly downregulated in breast cancer ([@bib35]; [@bib1]; [@bib31]). Wnt signalling also promotes metastatic progression ([@bib37]; [@bib18]), self-renewal ([@bib9]) and radiation resistance ([@bib36]) in breast cancer. Moreover, in human breast cancer specimens, Wnt activation is associated with poor prognosis ([@bib34]; [@bib16]).

Tcf-4 promotes colon cancer initiation and progression ([@bib25]; [@bib32]; [@bib33]; [@bib23]). However, in breast cancer, paradoxical results for the role of Tcf-4 on cancer progression have been reported. Tcf-4 binds to *β*-catenin to transactivate Wnt target genes ([@bib14]). However, in the absence of *β*-catenin, Tcf-4 becomes a repressor of transcription of those target genes *via* binding to corepressors such as Groucho ([@bib15]). This characteristic may explain the apparently inconsistent findings that Tcf-4 can either promote or repress breast cancer progression in different cellular contexts. We have previously shown that Tcf-4 binds to a metastasis-inducing DNA sequence ([@bib12]). This results in a reduction in the amount of Tcf-4 available to regulate the expression of endogenous genes, leading to a decrease in metastatic development ([@bib10]). Others have also shown that Tcf-4 has a tumour suppressor function in breast cancer ([@bib28]; [@bib3]). In contrast, overexpression of Tcf-4 in combination with *β*-catenin in breast cancer cells led to increased expression of monocyte chemotactic protein-1, which promotes cancer progression ([@bib20]).

The reasons for the paradoxical results obtained on the role of Tcf-4 in breast cancer progression are not clear. As we have previously shown that osteopontin (OPN) is a downstream target of Tcf-4 in a rat breast epithelial cell line Rama37 ([@bib10]), the aim of the present study was to investigate how the Tcf-4/OPN link is regulated in human breast cancer and modulates human breast cancer progression.

Materials and methods
=====================

Cell culture
------------

MCF10AT cells (Karmonas Cancer Institute, Detroit, MI, USA) were grown in DMEM/F12 (1 : 1) (Invitrogen, Paisley, UK) supplemented with 5% (v/v) horse serum (Invitrogen), 10 *μ*g ml^−1^ (w/v) insulin (Sigma-Aldrich, Gillingham, UK), 0.5 *μ*g ml^−1^ (w/v) hydrocortisone (Sigma-Aldrich), 20 *μ*g ml^−1^ (w/v) epidermal growth factor (Sigma-Aldrich) and 100 ng ml^−1^ (w/v) cholera enterotoxin (Sigma-Aldrich). MDA MB 231 (a gift from Professor Robert A Weinberg, Whitehead Institute, Boston, MA, USA) and Rama37 cells were cultured in DMEM with high glucose (Invitrogen) supplemented with 10% (v/v) fetal bovine serum (FBS, Invitrogen). Cells were maintained in medium supplemented with 1 × penicillin and streptomycin (Invitrogen). Transfection was achieved using GeneJuice according to the manufacturer\'s instructions (Novagen, Darmstadt, Germany). For stable MCF10AT pcDNA6 and MCF10AT pcDNA6-Tcf-4 cells, the transfectants were selected 24 h post-transfection in medium containing 4 *μ*g ml^−1^ Blasticidin S HCl (Invitrogen). Transfectant colonies were isolated after 2 weeks, when all the cells in the untransfected control were dead, and were pooled to generate stable transfectants for biological assay. Transient transfection of pCMV7.1-Flag-OPN and pcDNA3.1-DKK1 (a gift from Professor KW Chan; [@bib39]) was also performed using GeneJuice. Cells were harvested 48 h post-transfection for western blot, promoter analyses and invasion assay. The Top/Fop glow reporter system was obtained from Upstate (Millipore, Billerica, MA, USA).

RNA interference for Tcf-4 and *β*-catenin in MDA MB 231 cells
--------------------------------------------------------------

MDA MB 231 cells were transfected with scrambled siRNA (AM4611, Ambion, Austin, TX, USA), siRNA duplexes directed against Tcf-4 (AM16704 ID \#116411, Ambion) or *β*-catenin (M-003482, Dharmacon, Chicago, IL, USA) using siPORT NeoFX (Ambion) transfection reagent. Cells were harvested 48 h post-transfection for western blot and promoter analyses, and invasion assay.

Western blotting
----------------

Total protein lysate was prepared by using RIPA buffer. Nuclear and cytoplasmic protein was prepared by using NE-PER nuclear extraction kit according to the manufacturer\'s instructions (Pierce, Thermo Fisher Scientific Inc., Rockford, IL, USA). Western blotting was performed as previously described ([@bib10]) at the following dilution of antibodies: 1 : 250 for Tcf-4 (05-511, Millipore), 1 : 150 for OPN (sc73631, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), 1 : 2500 for *β*-catenin (610154, BD Transduction Laboratories, Franklin Lakes, NJ, USA), 1 : 2000 for Dkk1 (AF1096, R&D Systems Inc., Minneapolis, MN, USA) and 1 : 5000 for *β*-actin (A5441, Sigma-Aldrich) were used.

Real-time PCR
-------------

Quantitative PCR was performed using the ABI PRISM 7700 (Applied Biosystems, Foster City, CA, USA) according to the manufacturer\'s instructions. The Taqman probe sets for Tcf-4 (assay id Hs01009038_m1), OPN (assay id Hs00959009_m1) and 18s RNA (assay id 319913E-0702028) were used. Gene expression was normalised to 18s RNA.

*In silico* analysis of human OPN regulatory sequence
-----------------------------------------------------

A 3.5-kb region of human OPN gene upstream of the Transcriptional Start Site (TSS) was analysed for the consensus transcription factor binding region using MatInspector Tool from Genomatix Software GmbH (Munich, Germany), which utilises a comprehensive transcription factor knowledge base known as MatBase.

Luciferase reporter assay
-------------------------

The luciferase reporter assay was performed as previously described ([@bib11]).

Chromatin immunoprecipitation assay
-----------------------------------

Chromatin immunoprecipitation (ChIP) was performed as previously described ([@bib39]). Mouse IgG (Santa Cruz Biotechnology) was used as a control. Touch-down PCR was performed using the precipitated DNA as template and cycling conditions as follows: 10 cycles for denaturation at 98 °C for 10 s, annealing ramping from 70 to 60 °C for 10 s and extension at 72 °C for 5 s; 30 cycles for denaturation at 98 °C for 10 s, annealing at 66.2 °C for 10 s and extension at 72 °C for 5 s, followed by final extension at 72 °C for 5 min. The primers used to amplify the DNA region containing the Tcf/Lef binding site within the human OPN promoter were forward: 5′-GCCTAAGGCAACAACAGAGC-3′ reverse: 5′-TCCAGCGGGATAGAACACTC-3′.

Immunofluorescence staining
---------------------------

Immunofluorescence staining was performed as previously described ([@bib38]).

Matrigel invasion assay
-----------------------

Cell invasion assay was performed as previously described ([@bib27]).

Analysis of breast cancer patient microarray data
-------------------------------------------------

A total of three breast cancer data sets (GSE1456, GSE3494 and GSE1379), consisting of 455 patients, for whom corresponding microarray and survival data are available in the Gene Expression Omnibus (GEO) database, were included in this study. The data sets were pre-processed as previously described ([@bib38]) using R and Bioconductor for normalisation. For studies with raw microarray data that had \>20% missing values across all arrays per study were excluded, otherwise missing values were replaced by median values per gene. Normalisation was conducted using the RMA algorithm in Bioconductor. The median and higher quartile values for OPN and Tcf-4 were used as cutoff points to differentiate between high and low levels of expression for survival analysis.

Statistical analysis
--------------------

The Student\'s *t*-test was used to compare the statistical significance between the two sets of *in vitro* data. ^\*^, ^\*\*^ and ^\*\*\*^ represent *P*\<0.05, *P*\<0.01 and *P*\<0.001, respectively. Correlations between mRNA expression levels of OPN and Tcf-4 with overall survival were investigated by Kaplan--Meier analysis and compared by Log-rank test. *P*\<0.05 was considered statistically significant.

Results
=======

Tcf-4 promotes invasion in human breast cancer cell lines MCF10AT and MDA MB 231
--------------------------------------------------------------------------------

We initiated our analysis by generating stable Tcf-4 overexpressing MCF10AT cells ([@bib8]). Overexpression of Tcf-4 resulted in a six-fold increase in Tcf-4 protein levels ([Figure 1A](#fig1){ref-type="fig"}). Although MCF10AT cells are tumourigenic, they are non-metastatic and unable to invade and migrate to distant sites ([@bib22]). *In vitro* invasion assays were performed to investigate the effect of overexpressing Tcf-4 on the invasiveness of MCF10AT cells. Tcf-4 overexpressing MCF10AT cells showed a 56% higher invasive ability than the vector control cells as determined by the relative invasion rate of the transfected cells through Matrigel-coated Boyden chambers ([Figure 1B](#fig1){ref-type="fig"}). siRNA-mediated knockdown of Tcf-4 in MDA MB 231 cells resulted in an 80% reduction in endogenous Tcf-4 protein levels ([Figure 1C](#fig1){ref-type="fig"}) and a significant 47% decrease in the invasive ability through Matrigel-coated Boyden chambers compared with scrambled siRNA control cells ([Figure 1D](#fig1){ref-type="fig"}). These results highlight the important role of Tcf-4 in promoting invasion of MCF10AT and MDA MB 231 breast cancer cells.

Tcf-4 transactivates OPN in human breast cancer cell lines MCF10AT and MDA MB 231
---------------------------------------------------------------------------------

The role of Tcf-4 in regulating OPN expression was investigated. In Tcf-4 overexpressing MCF10AT cells, Tcf-4 mRNA was upregulated 3.6-fold and endogenous OPN protein level was increased 3.2-fold, both significantly higher than the vector control cells ([Figure 2A](#fig2){ref-type="fig"}). The increase in the mRNA of Tcf-4 and OPN was in concordance with the upregulation of their protein levels as shown in western blot analysis ([Figure 2B](#fig2){ref-type="fig"}). To investigate whether Tcf-4 upregulates OPN through modulating OPN promoter activity as it does in Rama37 cells ([@bib10]), *in silico* analysis of the 3.5-kb region of human OPN gene upstream of the TSS, using MatInspector Tool ([@bib24]) from Genomatix Software GmbH, was performed. It revealed the presence of a Tcf/Lef binding site (GAACG**CTTTG**GTTCTCT) at −2142 bp to −2126 bp upstream of TSS ([Figure 2C](#fig2){ref-type="fig"}). This result prompted us to investigate whether OPN is transcriptionally regulated by Tcf-4 in MCF10AT cells. We isolated a 2.3-kb human OPN promoter region containing the Tcf binding site using touch-down PCR from Human chromosome 4 clone (RZPDB737F091018D, imaGenes, Berlin, Germany) and cloned it into the luciferase pGL3 basic reporter plasmid. Transient overexpression of Tcf-4 led to a two-fold increase in the human OPN promoter activity ([Figure 2D](#fig2){ref-type="fig"}), suggesting that Tcf-4 transactivates the human OPN promoter.

To investigate whether the endogenous Tcf-4 is important for OPN expression, OPN protein expression and promoter activity were investigated in MDA MB 231 cells with or without Tcf-4 knockdown. siRNA-mediated Tcf-4 knockdown in MDA MB 231 cells led to a 54% reduction in endogenous OPN protein levels as compared with the scrambled siRNA control cells ([Figure 2E](#fig2){ref-type="fig"}) and a concomitant 45% decrease in the activity of the OPN promoter ([Figure 2F](#fig2){ref-type="fig"}).

To determine whether the potential Tcf/Lef binding site on the endogenous OPN promoter is occupied by endogenous Tcf-4 and *β*-catenin proteins, a ChIP assay was performed using human breast cancer cell line MDA MB 231, which expresses high levels of Tcf-4, *β*-catenin and OPN. Immunoprecipitation using either Tcf-4 or *β*-catenin antibody specifically enriched the human OPN promoter DNA fragment containing the putative Tcf/Lef binding site ([Figure 2G](#fig2){ref-type="fig"}). Thus, the ChIP assay shows that endogenous Tcf-4 and *β*-catenin proteins bind to the Tcf/Lef binding site in the human OPN promoter. To confirm the binding of *β*-catenin to the human OPN promoter is mediated by Tcf-4, the amount of human OPN promoter bound by Tcf-4 and *β*-catenin was compared between MDA MB 231 cells transfected with scramble siRNA or siRNA targeting Tcf-4. As shown in [Figure 2H](#fig2){ref-type="fig"}, by ChIP assay, we found that the amount of human OPN precipitated by both Tcf-4 and *β*-catenin antibodies was reduced in MDA MB 231 cells transfected with siRNA targeting Tcf-4 compared with MDA MB 231 cells transfected with scramble siRNA. This result suggests that the binding of *β*-catenin to human OPN promoter is mediated by Tcf-4.

Taken together, our results suggest that the Tcf-4/*β*-catenin complex may occupy the Tcf/Lef binding site in the human OPN promoter in MDA MB 231 cells and transactivate the endogenous OPN promoter, thereby enhancing the mRNA and protein expression of OPN.

OPN is a downstream target gene of Tcf-4-enhanced cell invasion in MCF10AT and MDA MB 231 cells
-----------------------------------------------------------------------------------------------

The enhanced OPN expression was stably knocked down using an antisense OPN construct in Tcf-4 overexpressing MCF10AT cells ([Figure 3A](#fig3){ref-type="fig"}). Osteopontin knockdown using the antisense OPN construct resulted in a significant 20% reduction of the Tcf-4-mediated increase in cell invasion through Matrigel in MCF10AT cells ([Figure 3B](#fig3){ref-type="fig"}). On the other hand, OPN overexpression in MDA MB 231-siRNATcf-4 cells ([Figure 3C](#fig3){ref-type="fig"}) resulted in a significant 35% increase of the siRNATcf-4-mediated reduction in cell invasion of MDA MB 231 cells ([Figure 3D](#fig3){ref-type="fig"}). These results suggest that Tcf-4-regulated OPN expression may have an important role in Tcf-4-mediated promotion in cell invasion in both MCF10AT and MDA MB 231 breast cancer cells.

OPN is positively regulated by Wnt signalling
---------------------------------------------

The invasive breast cancer cell line MDA MB 231 expresses high levels of OPN ([@bib19]) and has aberrantly activated Wnt signalling ([@bib18]). We, therefore, investigated whether the high level expression of OPN in MDA MB 231 cells is caused by the activated Wnt signalling. Transient knockdown using siRNA targeting *β*-catenin in MDA MB 231 cells decreased *β*-catenin protein by 51% and endogenous OPN protein expression by 55% ([Figure 4A](#fig4){ref-type="fig"}). A 46% reduction in the activity of the human OPN promoter reporter construct upon *β*-catenin knockdown as compared with scrambled siRNA control cells was also observed ([Figure 4B](#fig4){ref-type="fig"}). On the other hand, overexpression of Dickkopf-related protein 1 (DKK1), an inhibitor of Wnt signalling, in MDA MB 231 cells decreased endogenous *β*-catenin protein levels, due to the decreased stability of *β*-catenin upon reduction of Wnt activity, compared with empty vector transfected cells. DKK1-mediated Wnt signalling inactivation in MDA MB 231 cells resulted in a 30% reduction in endogenous OPN protein ([Figure 4C](#fig4){ref-type="fig"}) as well as a 54% reduction in the activity of the human OPN promoter reporter construct ([Figure 4D](#fig4){ref-type="fig"}). These results suggest that aberrant activation of Wnt signalling in MDA MB 231 cells may account for the high level expression of OPN.

Tcf-4-induced OPN may be dependent on the competency of Wnt signalling
----------------------------------------------------------------------

Previous reports indicate that Tcf-4 works as an activator in the presence of Wnt signalling through binding to the promoter in a complex with *β*-catenin whereas it works as a repressor in the absence of Wnt ([@bib4]). This may explain the paradoxical results obtained from Rama37 (where Tcf-4 suppresses OPN) and MCF10AT cells (where Tcf-4 transactivates OPN). Therefore, we investigated whether the two cell lines have different patterns of Wnt signalling. Immunofluorescence staining showed high levels of both membrane and nuclear expression of *β*-catenin in MCF10AT cells ([Figure 5A](#fig5){ref-type="fig"}, top panel). A similar staining pattern was also found in MDA MB 231 cells, which are Wnt positive ([Figure 5A](#fig5){ref-type="fig"}, middle panel). In contrast, the *β*-catenin expression was lower in both subcellular locations in Rama37 cells ([Figure 5A](#fig5){ref-type="fig"}, bottom panel). The expression levels of *β*-catenin in nucleus and cytoplasm of Rama37 and MCF10A were compared by western blot. The nuclear to cytoplasmic ratio of *β*-catenin in MCF10A cells was higher than that in Rama37 cells, further suggesting that the basal Wnt activity may be higher in MCF10A cells than in Rama37 cells ([Figure 1B](#fig1){ref-type="fig"}). To investigate the integrity of Wnt signalling in MCF10AT and Rama37 cells, we tested the Top/Fop glow reporter activity in Rama37 and MCF10AT cells treated with lithium chloride (LiCl), which inhibits GSK-3*β* and thereby increases the stability of *β*-catenin ([@bib30]), or sodium chloride (NaCl) as a control. Lithium chloride treatment showed a two-fold increase in Tcf/*β*-catenin transcriptional activity ([Figure 5C](#fig5){ref-type="fig"}) in MCF10AT cells compared with cells treated with NaCl, suggesting that stabilisation of *β*-catenin enhances the Wnt-dependent transcriptional activity, whereas LiCl treatment did not show any significant change in the Tcf/*β*-catenin transcriptional activity in Rama37 cells ([Figure 5D](#fig5){ref-type="fig"}). This result is in line with our previous data, which showed that overexpression of Tcf-4 results in downregulation of its downstream target OPN ([@bib10]). Indeed, Tcf-4 overexpression alone in MCF10AT cells transactivated the Wnt signalling reporter construct ([Figure 5E](#fig5){ref-type="fig"}). Taken together, our results show that Tcf-4 functions as an activator in MCF10AT cells but not in Rama37 cells because *β*-catenin is more available in MCF10AT than in Rama37 cells and Wnt activity can be triggered in MCF10AT cells upon treatment with Wnt activating chemical, LiCl, but not in Rama37 cells. These results suggest that the activity of Wnt and availability of *β*-catenin may be important in determining whether Tcf-4 is an activator or repressor of OPN, thereby the invasion potential.

The prognostic significance of Tcf-4 and OPN mRNA expression in human breast cancers
------------------------------------------------------------------------------------

mRNA expression levels of Tcf-4 and OPN, and the survival data of patients were retrieved from three data sets (GSE 1397, GSE 1456 and GSE 3494) available from the GEO database and the three data sets were combined as one. The higher quartile of the mRNA expression levels was used as a cutoff point in the present study for Kaplan--Meier survival analysis. High levels of OPN mRNA were correlated with a shorter survival time in the combined data set (0.017; [Figure 6A](#fig6){ref-type="fig"}), consistent with our previous study ([@bib26]). In contrast, low levels of Tcf-4 mRNA were correlated with a shorter survival time in the combined data set (*P*=0.045; [Figure 6B](#fig6){ref-type="fig"}). These results are in line with our previous study and others showing that OPN may promote, while Tcf-4 may inhibit, breast cancer progression ([@bib10]; [@bib28]; [@bib3]). A correlation between OPN and patient survival was only observed in patients expressing high levels of Tcf-4. Thus, OPN mRNA levels were not significantly correlated with survival in patients expressing low levels of Tcf-4 (*P*=0.234; [Figure 6C](#fig6){ref-type="fig"}). In contrast, high levels of OPN mRNA were significantly correlated with a shorter survival time in patients expressing high levels of Tcf-4 (*P*=0.005; [Figure 6D](#fig6){ref-type="fig"}). In addition, we revealed that the correlation between Tcf-4 and survival was only significant in patients expressing low levels of OPN (*P*=0.009; [Figure 6E](#fig6){ref-type="fig"}) but not those expressing high levels (*P*=0.847; [Figure 6F](#fig6){ref-type="fig"}). To avoid bias in selection of cutoff point, we also re-analysed the results using median, instead of higher quartile, mRNA expression level as the cutoff point for Kaplan--Meier analysis. Similar results were obtained for both cutoff points (Supplementary Figure 1). Taken together, our results indicate that the functional role of Tcf-4 in breast cancer progression may be determined by Wnt-dependent OPN regulation and expression, and that OPN and Tcf-4 may be used in combination as a novel prognostic indicator.

Discussion
==========

In the present study, we have shown that Tcf-4 promoted cell invasion through transcriptional activation of OPN, a metastasis-promoting protein, in MCF10AT and MDA MB 231 cells. We also found that OPN was positively regulated by Wnt signalling in invasive breast cancer cell line MDA MB 231 and that Tcf-4 activation of OPN transcription might be dependent on Wnt signalling activity. Most importantly, Tcf-4 mRNA expression was correlated with better survival, while OPN mRNA expression was correlated with poorer survival in breast cancer patients. Their prognostic significance was also found to be dependent on the expression levels of the others.

OPN mRNA only predicted a shorter survival time in patients expressing high levels of Tcf-4, implying that if a high level of Tcf-4 is accompanied by a high level of OPN, the patients have a poorer prognosis. The scenario observed in MCF10AT cells may reflect the clinical condition of these patients. Thus, Tcf-4 overexpression in a Wnt-positive background upregulates OPN, resulting in high levels of both Tcf-4 and OPN, thereby promoting cell invasion and cancer progression. On the other hand, in patients expressing low levels of OPN, Tcf-4 predicted a better survival, implying that in a low OPN background, Tcf-4 may act as a tumour suppressor in breast cancer patients. The scenario observed in Rama37 cells ([@bib10]) may be mirrored by what is occurring in these patients. Thus, Tcf-4 overexpression in a Wnt-negative background fails to upregulate OPN, resulting in a high level of Tcf-4 but a low level of OPN, thereby suppressing cell invasion and cancer progression.

The results obtained in the patient data set correlated with the seemingly paradoxical *in vitro* results obtained in MCF10AT (current study) and in Rama37 ([@bib10]) cells. This observation is interesting because OPN mRNA expression levels can differentiate aggressive or indolent breast cancers only in patients expressing high levels of Tcf-4 mRNA expression, suggesting that the tumour suppressor function of Tcf-4 may only be expressed in OPN-low background (in the case of Rama37 cells where Tcf-4 suppresses OPN) but not in OPN-high background (in the case of MCF10AT cells where Tcf-4 activates OPN). Our results obtained from human data, therefore, correlate with our *in vitro* data, suggesting that Wnt-dependent OPN regulation/expression may have an important role in Tcf-4-mediated alteration of cell invasion. However, further investigations are required to substantiate this hypothesis. Immunohistochemical staining should be performed to study the protein expression, instead of mRNA expression, of Tcf-4 and OPN in a large human breast cancer patient cohort to confirm the correlations between OPN, Tcf-4 and patient survival time. Moreover, Wnt signalling activity should also be examined in the tumour specimens to investigate the effect of Wnt activity on the expression and prognostic significance of Tcf-4 and OPN.

*β*-Catenin knockdown and DKK-1 overexpression in MDA MB 231, where the Wnt signalling activity is reduced, also resulted in slight reduction in Tcf-4 protein level (15% reduction in *β*-catenin knockdown and 29% reduction in DKK-1 overexpression). Tcf-4 has been shown to be regulated transcriptionally by Wnt signalling but how this autoregulation of Tcf-4 affects OPN expression requires further analysis.

The evidence so far indicates that OPN functions as a nodal point in multiple signalling networks that lead to malignant transformation. This underscores the need for elucidating the OPN regulatory networks, which may ultimately help in the identification of novel targets for therapies directed against OPN-positive cancers. Osteopontin is an important factor in cancer progression and metastasis ([@bib7]). We have shown previously ([@bib26]) and in the present study that breast cancer patients with OPN-positive tumours have a significantly shorter survival time. In the present study, we also show that OPN is a target of Wnt signalling in a human breast cancer cell line, MDA MB 231. Our results may stimulate others to investigate the possibility of using Wnt inhibitors as therapeutic approaches for Wnt/OPN double-positive breast cancers.

The effect of OPN on Tcf-4-mediated invasive progression is partial. This highlights the role of other Wnt target genes downstream of Tcf-4 in Tcf-4-modulated cell invasion in breast cancer cells. The Tcf-4/*β*-catenin signalling pathway has an important role in expression of urokinase plasminogen activator ([@bib17]), metalloproteinase 1 (MMP-1; [@bib32]) as well as MMP-7 ([@bib5]), which have an important function in breast cancer metastatic progression. Investigation of the expression levels and their roles in Tcf-4 overexpressing MCF10AT or Tcf-4 knockdown MDA MB 231 cells may provide new mechanistic insights, in addition to OPN, on Wnt-mediated breast cancer progression.

In conclusion, our results suggest that Tcf-4-regulated OPN expression and cell invasion may be dependent on Wnt signalling activity and that Tcf-4 and OPN, when considered together, may be a novel prognostic indicator in breast cancer.
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![Tcf-4 promotes cell invasion in both MCF10AT and MDA MB 231 human breast cancer cells. (**A**) Western blotting showing overexpression of Tcf-4 in MCF10AT cells. (**B**) Overexpression of Tcf-4 in MCF10AT cells resulted in an increase in cell invasion through Matrigel-coated chamber. (**C**) Western blotting showing knockdown of Tcf-4 in MDA MB 231 cells. (**D**) Reduction in Tcf-4 expression in MDA MB 231 cells resulted in a decrease in cell invasion through Matrigel-coated chamber. Key: ^\*\*^ and ^\*\*\*^ represent *P*\<0.01 and *P*\<0.001, respectively.](bjc2011269f1){#fig1}

![Tcf-4 transactivates OPN in both MCF10AT and MDA MB 231 human breast cancer cells. (**A**) Tcf-4 overexpression in MCF10AT resulted in an increase in both Tcf-4 and OPN mRNA expression. (**B**) Tcf-4 overexpression in MCF10AT resulted in an increase in OPN protein expression. (**C**) Schematic diagram of human OPN promoter showing a Tcf-4 binding site predicted by MatInspector Tool from Genomatix Software GmbH. (**D**) Tcf-4 overexpression resulted in an increase in the human OPN promoter activity in MCF10AT cells. (**E**) Knockdown of Tcf-4 in MDA MB 231 cells resulted in a decrease in expression of OPN protein. (**F**) Knockdown of Tcf-4 in MDA MB 231 cells resulted in a decrease in human OPN promoter activity. (**G**) ChIP analysis showing binding of Tcf-4 and *β*-catenin to an OPN promoter region containing the Tcf-4 binding site. (**H**) ChIP analysis showing the amount of OPN promoter precipitated by anti-Tcf-4 or anti-*β*-catenin antibodies was reduced in MDA MB 231 cells transfected with siRNA targeting Tcf-4 than that in MDA MB 231 cells transfected with scrambled siRNA. Key: ^\*\*^ and ^\*\*\*^ represent *P*\<0.01 and *P*\<0.001, respectively.](bjc2011269f2){#fig2}

![OPN is a downstream target of Tcf-4-enhanced cell invasion in MCF10AT and MDA MB 231 cells. (**A**) Western blotting showing that Tcf-4 overexpression resulted in an increase in OPN protein, which was knocked down by antisense OPN in MCF10AT cells. (**B**) Tcf-4-enhanced cell invasion in MCF10AT cells was significantly reduced by knocking down OPN expression. (**C**) Transfection of Tcf-4 siRNA resulted in a decrease in the expression of both endogenous Tcf-4 and OPN protein levels and transfection of Flag-OPN resulted in overexpression of exogenous Flag-OPN protein in MDA MB 231 cells. (**D**) Tcf-4 knockdown-mediated decrease in cell invasion in MDA MB 231 cells was partially reversed by overexpression of exogenous Flag-OPN. Key: ^\*^, ^\*\*^ and ^\*\*\*^ represent *P*\<0.05, *P*\<0.01 and *P*\<0.001, respectively.](bjc2011269f3){#fig3}

![OPN is positively regulated by Wnt signalling in MDA MB 231 cells. Knockdown of *β*-catenin resulted in (**A**) a decrease in *β*-catenin and OPN protein expression and (**B**) a reduction in human OPN promoter activity. Overexpression of DKK-1 resulted in (**C**) an increase in DKK-1, a decrease in both *β*-catenin and OPN protein expression and (**D**) a reduction in human OPN promoter activity. Key: ^\*^ and ^\*\*^ represent *P*\<0.05 and *P*\<0.01, respectively.](bjc2011269f4){#fig4}

![Wnt signalling activity in human MCF10AT and rat Rama37 breast epithelial cells. (**A**) *β*-Catenin was highly expressed in both nuclear and cytoplasmic regions in MCF10AT (upper panel) and MDA MB 231 (middle panel) cells and was lower in Rama37 cells (lower panel). (**B**) Nuclear/cytoplasmic fractionation showing that the nuclear to cytoplasmic *β*-catenin expression ratio was higher in MCF10A cells than in Rama37 cells. (**C**) Treatment of LiCl resulted in an increase in Top/Fop-activity ratio in MCF10AT cells. (**D**) Treatment of LiCl did not significantly change Top/Fop-activity ratio in Rama37 cells. (**E**) Overexpression of Tcf-4 resulted in an increase in Top/Fop-activity ratio in the presence and absence of LiCl-mediated stimulation. Key: ^\*^ and ^\*\*\*^ represent *P*\<0.05 and *P*\<0.001, respectively.](bjc2011269f5){#fig5}

![The prognostic significance of OPN and Tcf-4 mRNA expression (cutoff point at higher quartile) in breast cancer patients. (**A**) High levels of OPN mRNA were significantly associated with a shorter survival time of breast cancer patients. (**B**) Low levels of Tcf-4 mRNA were significantly associated with a shorter survival time of breast cancer patients. (**C**) In patients expressing low levels of Tcf-4 mRNA, mRNA expression of OPN was not significantly correlated with survival. (**D**) In patients expressing high levels of Tcf-4 mRNA, high levels expression of OPN mRNA were correlated with a shorter survival time. (**E**) In patients expressing low levels of OPN mRNA, low levels expression of Tcf-4 mRNA were correlated with a shorter survival time. (**F**) In patients expressing high levels of OPN mRNA, mRNA expression of Tcf-4 was not significantly correlated with survival.](bjc2011269f6){#fig6}
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